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Abstract
In the heavy quark limit, the heavy baryons ω
(∗)
Q (ω stands for Σ, Ξ or Ω
and Q = b or c) are regarded as composed of a heavy quark and an axial
vector, light diquark with good spin and isospin quantum numbers. Based
on this diquark picture we establish the Bethe-Salpeter (B-S) equation for
ω
(∗)
Q in the limit where the heavy quark has infinite mass, mQ → ∞. It is
found that in this limit there are three components in the B-S wave function
for ω
(∗)
Q . Assuming the kernel to consist of a scalar confinement term and
a one-gluon-exchange term we derive three coupled integral equations for
the three B-S scalar functions in the covariant instantaneous approximation.
Numerical solutions for the three B-S scalar functions are presented, includ-
ing a discussion of their dependence on the various input parameters. These
solutions are applied to calculate the Isgur-Wise functions ξ(ω) and ζ(ω)
for the weak transitions Ω
(∗)
b → Ω(∗)c . Using these we give predictions for
the Cabibbo-allowed nonleptonic decay widths and up-down asymmetries
for Ωb → Ω(∗)c plus a pseudoscalar or vector meson.
PACS Numbers: 11.10.St, 12.39.Hg, 14.20.Mr, 14.20.Lq
I. Introduction
The physics of heavy hadrons has been a subject of intense interest in recent
years. One reason for this is that more and more experimental data are being
accumulated. Another reason is the discovery of the new flavor and spin symme-
try in QCD, SU(2)f × SU(2)s, in the heavy quark limit and the establishment of
heavy quark effective theory (HQET) [1]. However, in comparison with the heavy
meson case, heavy baryons have been studied much less, both experimentally and
theoretically.
On the other hand, the experimental situation with heavy baryons has been im-
proving recently, with more measurements becoming available. For instance, OPAL
has measured some physical quantities for Λb, such as its lifetime and the production
branching ratio for the inclusive semileptonic decay Λb → Λl−ν¯X [2]. Furthermore,
measurements of the nonleptonic decay of Λb have also been made, through the well-
known process Λb → ΛJ/ψ. The discrepancy between the measurements made by
UA1 [3] and those by CDF [4] and LEP [5] appears to have been settled by the new
measurement from CDF [6]. However, compared with D and B mesons, the data for
heavy baryons are still very limited. Besides Λb, there has been few data on other
bottom baryons [7], although we expect more data to appear in the near future.
Clearly the time is right for serious theoretical studies of heavy baryon properties
to begin.
Theoretically, the HQET can simplify the physical processes involving heavy
quarks, since with the aid of the HQET the number of independent form factors is
reduced. For instance, in leading order of the 1/mQ expansion only one form factor
(the Isgur-Wise function) remains for the Λb → Λc transition, while for ω(∗)b → ω(∗)c
(we follow the notations of Ref.[8], ω could be Ξ, Σ or Ω and Q = b or c) there are
two independent Isgur-Wise functions. (Note that ω
(∗)
Q is a notation implying either
ωQ or ω
∗
Q.) The behaviour of these functions depends on the nonperturbative effects
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of QCD which control the dynamics inside a heavy hadron. Hence some nonpertur-
bative QCD model has to be adopted from which these Isgur-Wise functions can be
obtained. In previous work [9], we established the B-S equation for ΛQ, which is as-
sumed to be composed of a heavy quark, Q, and a scalar diquark. Some theoretical
predictions for Λb → Λc were also obtained. It is the purpose of the present paper
to generalize such an approach to the heavy baryons, ω
(∗)
Q , and consequently give
some phenomenological predictions for the weak decays of such baryons.
When the quark mass is very heavy compared with the QCD scale, ΛQCD, the
light degrees of freedom in a heavy baryon ΛQ (Q = b or c) become blind to the
flavor and spin quantum numbers of the heavy quark because of the SU(2)f×SU(2)s
symmetry. Therefore, the light degrees of freedom have good quantum numbers,
including angular momentum and isospin. These quantum numbers can be used to
classify heavy baryons. For example, the light degrees of freedom of ΛQ have zero
angular momentum and isospin. For Σ
(∗)
Q , the angular momentum and parity J
P of
the light degrees of freedom are 1+, and the isospin is also 1 in order to guarantee
that the total wave function of the hadron is antisymmetric. Hence it is natural to
consider the heavy baryon to be composed of a heavy quark and a light diquark.
This is our underlying assumption.
Based on the picture of the composition of the heavy baryon which we have just
presented, the three body system is simplified to a two body system. We establish
the B-S equation for the heavy baryons, ω
(∗)
Q , in this picture. The heavy quark
symmetry can be used to simplify the form of the B-S wave function greatly. It can
be shown that in the limit mQ → ∞ there are three components in the B-S wave
function, and hence we have three corresponding scalar functions. We solve the B-S
equation numerically by assuming that the kernel contains a scalar confinement term
and a one-gluon-exchange term. The explicit dependence of the B-S wave function on
the parameters of the model will be discussed. Furthermore, we calculate the Isgur-
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Wise functions in terms of the B-S wave functions and give theoretical predictions
for the Cabbibo-allowed two body nonleptonic decays Ωb → Ω(∗)c plus a pseudoscalar
or vector meson.
The light degrees of freedom of ω
(∗)
Q belong to a 6 representation of flavor SU(3).
Taking Q = b as an example, ω
(∗)
b includes Σ
(∗)+,0,−
b , Ξ
(∗)0,−
b and Ω
(∗)−
b . The total
spin of ωQ and ω
∗
Q are
1
2
and 3
2
respectively. There is no strange quark in Σ
(∗)
Q while
there is one strange quark in Ξ
(∗)
Q and two in Ω
(∗)
Q respectively.
The remainder of this paper is organized as follows. In Section II we establish the
B-S equation for the heavy quark and axial vector light diquark system and discuss
the form of the kernel. In Section III we derive explicitly the coupled integral equa-
tions for the B-S scalar wave functions. In Section IV we discuss the normalization
condition of the B-S wave function by exploiting the normalization of the Isgur-Wise
function at the zero recoil point. The numerical solutions of the B-S equation and
their dependence on the parameters in our model are presented in Section V. In
Section VI we calculate the Isgur-Wise functions and give predictions for the decay
widths and up-down asymmetry parameters for Ωb → Ω(∗)c plus a pseudoscalar or
vector meson. Finally, Section VI contains a summary and discussions.
II. The B-S equation for ω
(∗)
Q
As discussed in Section I, ω
(∗)
Q is regarded as a bound state of a heavy quark,
ψQ, and a light axial vector diquark Aµ. In the following, uQ denotes the Dirac
spinor of ψQ and ηµ represents the polarization vector of Aµ. Then Bµ ≡ uQηµ
can be decomposed into spin-1
2
and spin-3
2
states [10, 11] which represent ωQ and
ω∗Q respectively. These two states are degenerate in the heavy quark limit. Using
the notation of Refs. [11, 12] this doublet is described by Bmµ (v), where m = 1, 2
correspond to ωQ and ω
∗
Q respectively, vµ is the velocity of the heavy baryon and
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Bµ = B
1
µ +B
2
µ [10]. Explicitly, we can write
B1µ(v) =
1√
3
(γµ + vµ)γ5u(v),
B2µ(v) = uµ(v), (1)
where u(v) is the Dirac spinor and uµ(v) is the Rarita-Schwinger vector spinor.
Bmµ (v) satisfies the following conditions:
/vBmµ (v) = B
m
µ (v), v
µBmµ (v) = 0, γ
µB2µ(v) = 0. (2)
The above constraints for m = 1 can be seen from /vu(v) = u(v) while for m = 2,
they are the properties of a spin-3
2
, Rarita-Schwinger vector spinor.
Under a Lorentz transformation Λ[10]
Bµ → ΛνµD(Λ)Bν, (3)
where D(Λ) is the spinorial representation of Λ. Under the heavy quark spin
transformation[8]
Bµ → −γ5/v/eBµ, (4)
where e = e1, e2, e3 are three mutually orthogonal four-dimensional unit vectors
which are also orthogonal to v, (i.e., ei · v = 0), and e2i = −1 (i = 1, 2, 3). The three
unit vectors are associated with the heavy quark spin operators which are generators
of the SU(2)s symmetry.
Since ω
(∗)
Q is composed of ψQ and Aµ, we can define the B-S wave function of
ω
(∗)
Q by
χµ(x1, x2, P ) =< 0|TψQ(x1)Aµ(x2)|ω(∗)Q (P ) >, (5)
where P = m
ω
(∗)
Q
v is the total momentum of ω
(∗)
Q and v is its velocity. Let mQ and
mD be the masses of the heavy quark and the light diquark in the baryon. Let us
define λ1 ≡ mQmQ+mD and λ2 ≡
mD
mQ+mD
and let p be the relative momentum of the
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two constituents. The B-S wave function in momentum space is defined as
χmµ (x1, x2, P ) = e
iP ·X
∫
d4p
(2π)4
eip·xχmPµ(p), (6)
where X ≡ λ1x1 + λ2x2 is the coordinate of the center of mass and x ≡ x1 − x2.
The momentum of the heavy quark is p1 = λ1P + p and that of the diquark is
p2 = −λ2P + p.
It can be shown that χµPm(p) satisfies the following B-S equation[13]
χµPm(p) = SF (λ1P + p)
∫
d4q
(2π)4
Gρν(P, p, q)χ
ν
Pm(q)S
µρ
D (−λ2P + p), (7)
where Gρν(P, p, q) is the kernel, which is defined as the sum of all the two particle
irreducible diagrams with respect to the heavy quark and the light diquark. For
convenience, in the following we use the variables
pl ≡ v · p− λ2mω(∗)
Q
, pt ≡ p− (v · p)v. (8)
Then in the leading order of the 1/mQ expansion we have
SF (λ1P + p) =
i(1 + /v)
2(pl + E0 +mD + iǫ)
, (9)
where E0 is the binding energy. From Eqs.(7) and (9) it follows that χ
µ
Pm(p) satisfies
the following equation
/vχµPm(p) = χ
µ
Pm(p). (10)
The propagator of the light axial vector diquark has the form
SDµν(p2) = −igµν − p2µp2ν/m
2
D
p22 −m2D + iǫ
. (11)
In the limit mQ →∞ we have p2 = −mDv + p and hence we have
SDµν(p2) = −i gµν − vµvν − pµpν/m
2
D + (vµpν + vνpµ)/mD
p2l −W 2p + iǫ
, (12)
5
where Wp ≡
√
p2t +m
2
D. The corrections to Eqs.(9) and (12) are from O(1/mQ)
terms.
Now we discuss the form of the B-S wave function χµPm(p). In the heavy quark
limit, due to the SU(2)s × SU(2)f symmetry, the internal dynamics of the heavy
baryon, ω
(∗)
Q , is determined by the light degrees of freedom and the flavor and spin
direction of the heavy quark, Q, is irrelevant. Consequently we have[10, 12]
χµP (p) = uQ(v)ηνζ
µν(v, p), (13)
and
< 0|Aµ|light, 1+ >= ηνζµν(v, p). (14)
Since v · η = 0[10], the tensor ζµν(v, p) can be expanded as
ζµν(v, p) = A1g
µν + A2v
µpν + A3p
µpν , (15)
where Ai(i = 1, 2, 3) are Lorentz scalar functions. After expressing uQηµ in Eq.(13)
in terms of Bmµ (v) (m = 1, 2), we have the following form for the B-S wave function
χµPm = A1B
µ
m(v) + A2v
µpνB
ν
m(v) + A3p
µpνB
ν
m(v). (16)
Therefore, we have three components in the B-S wave function, χµPm(p), and they
correspond to three scalar B-S functions Ai(i = 1, 2, 3). This is consistent with our
diquark picture for ω
(∗)
Q . In the heavy quark limit, the dynamics inside the heavy
baryon is controlled by the configuration of the light degrees of freedom. Since the
light diquark is a 1+ object, it has three different configurations. Consequently there
are three components in the B-S wave function which describe the dynamics in the
heavy baryon ω
(∗)
Q .
In fact, we can derive the form of χµPm(p) in another way. We may first write
out all the possible terms which have the same behaviour as χµPm(p) under Lorentz
transformations. Then by applying the condition Eq.(10) and ensuring the proper
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behaviour under the heavy quark spin transformation, Eq.(4), we obtain the same
result as given in Eq.(16).
Considering pµ = v · pvµ + pµt , and using the constraint vµBmµ (v) = 0, it will be
convenient to define
A = A1, C = A2 + v · pA3, D = A3,
which results in the following expression for the B-S wave function:
χµPm = AB
µ
m(v) + Cv
µptνB
ν
m(v) +Dp
µ
t ptνB
ν
m(v). (17)
A,C and D in Eq.(17) are functions of pl and p
2
t . Their behaviour is controlled
by nonperturbative QCD. Our aim is to obtain explicit forms for them with some
QCD-motivated model for the form of the B-S kernel.
Motivated by the success of the potential model[14], scalar confinement and one-
gluon-exchange terms were used in the kernel when studying ΛQ in Ref.[9]. This
form was also used in the heavy meson case in Ref.[15]. In the present work we will
also adopt this form of the kernel
iGρν = gρνI ⊗ IV1 + vµ ⊗ ΓµρνV2, (18)
where Γµρν is the vertex of a gluon with two axial vector diquarks. This vertex
should reflect the internal structure of the diquark. In this work, we use the model
proposed in Ref.[16] where this vertex has the following form (see Fig. 1)
− iλ
a
2
gsΓ
µρνFV (Q
2), (19)
with
Γµρν = (p2 + p
′
2)
µgνρ − (pν2gµρ + p′ρ2 gµν).
In Eq.(19) gs is the strong interaction coupling constant and FV (Q
2) is introduced to
describe the internal structure of the axial vector diquark. The form factor, FV (Q
2),
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depends on nonperturbative QCD interactions and will be determined phenomeno-
logically, by comparison with experiment.
As discussed in Ref.[9], when we consider the vertex of two heavy quarks with
a gluon, the momenta of the two heavy quarks are p1 = λ1mΛQv + p and p
′
1 =
λ1mΛQv + q respectively, where p and q are relative momenta and of the order
ΛQCD. In the heavy quark limit the heavy quark is almost on-shell and moves with
constant velocity. It can be shown that pl = ql at this vertex when the heavy quark is
exactly on-shell. This is the so-called covariant instantaneous approximation [9, 15].
With this approximation, V1 and V2 in G
ρν(P, p, q) are replaced by
V˜i ≡ Vi|pl=ql(i = 1, 2). (20)
III. Coupled integral equations for three B-S scalar wave
functions
In this section we will derive explicitly three coupled integral equations for the
B-S scalar wave functions. Substituting Eqs.(9) and (12) into Eq.(7) and considering
the form of the kernel in Eq.(18) and the property in Eq.(10), we obtain the following
form for the B-S equation
χµPm(p) =
−i
(pl + E0 +mD + iǫ)(p
2
l −W 2p + iǫ)
Mµm, (21)
where
Mmµ ≡ i
[
gµρ − vµvρ + (vµpρ + pµvρ)
mD
− pµpρ
m2D
] ∫
d4q
(2π)4
[Gρν(P, p, q)χPmν(q)] |pl=ql,
(22)
and we have made explicit use of the covariant instantaneous approximation.
Substituting Eqs.(17), (18) and (19) into Eq.(22) and again using the covariant
instantaneous approximation we have
Mµm = B
µ
m(v)
∫
d4q
(2π)4
A(V˜1 + 2plV˜2) +
1
mD
vµ
∫
d4q
(2π)4
{pt · Bm(v)A(V˜1 + 2plV˜2)
8
+(pl +mD)[−Apt · Bm(v)V˜2 + qt ·Bm(v)(CV˜1 −Dpt · qtV˜2)]
+pt · qtqt · Bm(v)[−CV˜2 +D(V˜1 + 2plV˜2)]} − 1
m2D
pµ
∫ d4q
(2π)4
{pt · Bm(v)A(V˜1 + 2plV˜2) + pl[−Apt · Bm(v)V˜2
+qt · Bm(v)(CV˜1 −Dpt · qtV˜2)] + pt · qtqt · Bm(v)[−CV˜2 +D(V˜1 + 2plV˜2)]}
+
∫
d4q
(2π)4
qµt qt · Bm(v)[−CV˜2 +D(V˜1 + 2plV˜2)]. (23)
We notice that in Eq.(23) there are terms of the form
∫ d4q
(2pi)4
qµt f and
∫ d4q
(2pi)4
qµt q
ν
t f ,
where f is some function of p2, q2, and p · q. On the grounds of Lorentz invariance,
in general we have ∫
d4q
(2π)4
qµt f = f1v
µ + f2p
µ
t , (24)
and ∫
d4q
(2π)4
qµt q
ν
t f = g1g
µν + g2v
µvν + g3v
µpνt + g4v
νpµt + g5p
µ
t p
ν
t . (25)
From Eq.(24) only the f2 term can contribute, while from Eq.(25) only the g1, g3
and g5 terms can contribute, since vνB
ν
m(v) = 0. It can be easily shown that
f2 =
∫ d4q
(2π)4
pt · qt
p2t
f,
g1 =
∫
d4q
(2π)4
(pt · qt)2 − p2t q2t
2p2t
f,
g3 = 0,
g5 =
∫ d4q
(2π)4
3(pt · qt)2 − p2t q2t
2p4t
f. (26)
With the aid of Eqs.(24), (25) and (26) we can express Mµm in Eq.(23) in terms
of Bµm(v), v
µptνB
ν
m(v) and p
µ
t ptνB
ν
m(v). Let us define
A˜(p2t ) =
∫
dql
2π
A(pl, p
2
t ), C˜(p
2
t ) =
∫
dql
2π
C(pl, p
2
t ), D˜(p
2
t ) =
∫
dql
2π
D(pl, p
2
t ),
(27)
where A˜, C˜ and D˜ are functions of p2t only. Then one obtains the expression
Mµm = B
µ
m(v)
∫ d3qt
(2π)3
{
A˜(V˜1 + 2plV˜2)− C˜ (pt · qt)
2 − p2t q2t
2p2t
V˜2
9
+D˜
(pt · qt)2 − p2t q2t
2p2t
(V˜1 + 2plV˜2)
}
+
1
m2D
vµpt · Bm(v)
∫ d3qt
(2π)3
{
−A˜[plV˜1 + (p2l +m2D)V˜2]
−C˜
[
(p2l −m2D)
pt · qt
p2t
V˜1 + pl
(pt · qt)2
p2t
V˜2
]
+D˜
(pt · qt)2
p2t
[plV˜1 + (p
2
l +m
2
D)V˜2]
}
− 1
m2D
pµt pt · Bm(v)
∫
d3qt
(2π)3
{
A˜(V˜1 + plV˜2)
+C˜
[
pl
pt · qt
p2t
V˜1 +
m2D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
V˜2
]
+D˜
[
−m
2
D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
(V˜1 + 2plV˜2)
+pl
(pt · qt)2
p2t
V˜2
]}
. (28)
In Eq.(21) there are poles in pl at Wp − iǫ,−Wp + iǫ and −E0 − mD − iǫ. By
choosing the appropriate contour, we integrate over pl on both sides of Eq.(21) and
obtain the following, three coupled integral equations for A˜,C˜ and D˜
A˜(p2t ) =
−1
2Wp(E0 +mD −Wp)
∫
d3qt
(2π)3
{
A˜(q2t )(V˜1 − 2WpV˜2)
−C˜(q2t )
(pt · qt)2 − p2t q2t
2p2t
V˜2 + D˜(q
2
t )
(pt · qt)2 − p2t q2t
2p2t
(V˜1 − 2WpV˜2)
}
,
(29)
C˜(p2t ) =
−1
2m2DWp(E0 +mD −Wp)
∫
d3qt
(2π)3
{
A˜(q2t )[WpV˜1
−((E0 +mD)Wp +m2D)V˜2]
+C˜(q2t )
[
−pt · qt
p2t
((E0 +mD)Wp −m2D)V˜1 +Wp
(pt · qt)2
p2t
V˜2
]
+D˜(q2t )
(pt · qt)2
p2t
[−WpV˜1 + ((E0 +mD)Wp +m2D)V˜2]
}
, (30)
D˜(p2t ) =
1
2m2DWp(E0 +mD −Wp)
∫ d3qt
(2π)3
{
A˜(q2t )(V˜1 −WpV˜2)
+C˜(q2t )
[
−pt · qt
p2t
WpV˜1 +
m2D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
V˜2
]
10
−D˜(q2t )
[
m2D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
(V˜1 − 2WpV˜2)
+
(pt · qt)2
p2t
WpV˜2
]}
. (31)
If one knows the form for the kernel, V˜1 and V˜2, then ˜A(p2t ),C˜(p
2
t ) and D˜(p
2
t ) can
be obtained from Eqs.(29), (30) and (31). Consequently from Eqs. (17), (21) and
(28) we find the following expressions for A(pl, p
2
t ), C(pl, p
2
t ) and D(pl, p
2
t ):
A(pl, p
2
t ) =
−i
(pl + E0 +mD + iǫ)(p2l −W 2p + iǫ)
∫ d3qt
(2π)3
{
A˜(q2t )(V˜1 + 2plV˜2)
−C˜(q2t )
(pt · qt)2 − p2t q2t
2p2t
V˜2 + D˜(q
2
t )
(pt · qt)2 − p2t q2t
2p2t
(V˜1 + 2plV˜2)
}
,
(32)
C(pl, p
2
t ) =
−i
m2D(pl + E0 +mD + iǫ)(p
2
l −W 2p + iǫ)
∫
d3qt
(2π)3
{
−A˜(q2t )[plV˜1
+(p2l +m
2
D)V˜2]− C˜(q2t )
[
(p2l −m2D)
pt · qt
p2t
V˜1 + pl
(pt · qt)2
p2t
V˜2
]
+D˜(q2t )
(pt · qt)2
p2t
[plV˜1 + (p
2
l +m
2
D)V˜2]
}
, (33)
D(pl, p
2
t ) =
i
m2D(pl + E0 +mD + iǫ)(p
2
l −W 2p + iǫ)
∫ d3qt
(2π)3
{
A˜(q2t )(V˜1 + plV˜2)
+C˜(q2t )
[
pt · qt
p2t
plV˜1 +
m2D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
V˜2
]
+D˜(q2t )
[
−m
2
D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
(V˜1 + 2plV˜2)
+
(pt · qt)2
p2t
plV˜2
]}
. (34)
A model kernel, specified in terms of V˜1 and V˜2, for the B-S equation in the scalar
light diquark case was given in Ref.[9]. In the present axial vector diquark case, a
model vertex for a gluon with two 1+ diquarks is given in Eq.(19), where FV (Q
2)
describes the internal structure of the light diquark. Following Ref.[16] we take the
form for FV (Q
2) as
FV (Q
2) =
α(eff)s Q
2
1
Q2 +Q21
, (35)
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where Q21 is a parameter which freezes FV (Q
2) when Q2 is very small. In the
high energy region the form factor is proportional to 1/Q2, which is consistent
with perturbative QCD calculations [17]. By analyzing the electromagnetic form
factor for the proton it was found that selecting Q21 = 3.2GeV
2 can lead to results
consistent with the experimental data [16]. Note that in Eq.(35) we do not consider
the difference between longitudinal and transverse polarization states. The reason
is that we are considering the bound state with a binding energy of order ΛQCD, so
this difference should be small (see Ref.[16], where this difference is a factor
Q22
Q2+Q22
with Q22 approximately 15GeV
2, so this factor is close to 1 in our discussions).
Based on the above discussion, the kernel for the B-S equation in the baryon
case is taken to have the following form
V˜1 =
8πκ
[(pt − qt)2 + µ2]2 − (2π)
3δ3(pt − qt)
∫
d3k
(2π)3
8πκ
(k2 + µ2)2
,
V˜2 = −16π
3
α(eff)2s Q
2
1
[(pt − qt)2 + µ2][(pt − qt)2 +Q21]
, (36)
where κ and α(eff)s are coupling parameters related to scalar confinement and the one-
gluon-exchange diagram respectively. The second term in Eq.(36) is the counter term
which removes the infra-red divergence arising from the linear confinement in the
integral equation. The parameter µ is introduced to avoid the infra-red divergence
in numerical calculations. The limit µ → 0 is taken in the end. Besides Q21, there
are two parameters κ, and α(eff)s , in the kernel. However, they should be related to
each other when we solve the coupled integral equations (29), (30) and (31). This
will be discussed in detail in Section V.
Since we now have an explicit form for V˜1 and V˜2 in Eq.(36), we can reduce
Eqs.(29), (30) and (31) to one dimensional integral equations. With the aid of the
formulas given in Appendix A we obtain the following equations from Eqs.(29), (30)
and (31).
A˜(p2t ) =
−1
2Wp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[8πκF1(|pt|, |qt|) + 32πβWp
3(Q21 − µ2)
12
(F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))]A˜(q2t )− 8πκF1(|pt|, |qt|)A˜(p2t )}
− 1
2Wp(E0 +mD −Wp)
∫ q2t dqt
4π2
8πβ
3(Q21 − µ2)
{q2t [−F2(|pt|, |qt|, µ)
+F2(|pt|, |qt|, Q1)]− 1
p2t
[(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1)]}C˜(q2t )
+
1
2Wp(E0 +mD −Wp)
∫
q2t dqt
4π2
{4πκ[q2tF1(|pt|, |qt|)−
1
p2t
F5(|pt|, |qt|)]
+
16πβWp
3(Q21 − µ2)
[q2t (F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))
+
1
2p2t
(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1))]}D˜(q2t ), (37)
C˜(p2t ) =
−1
2m2DWp(E0 +mD −Wp)
∫ q2t dqt
4π2
{[8πκWpF1(|pt|, |qt|) + 16πβ
3(Q21 − µ2)
(F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))((E0 +mD)Wp +m2D)]A˜(q2t )
−8πκWpF1(|pt|, |qt|)A˜(p2t )} −
1
2m2DWp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[8πκF3(|pt|, |qt|)m
2
D − (E0 +mD)Wp
p2t
+
16πβ
3(Q21 − µ2)
(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1))Wp
p2t
]C˜(q2t )
−8πκF1(|pt|, |qt|)[m2D − (E0 +mD)Wp]C˜(p2t )}
+
1
2m2DWp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[8πκF5(|pt|, |qt|)Wp
p2t
− 16πβ
3(Q21 − µ2)
(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1))
(E0 +mD)Wp +m
2
D
p2t
]D˜(q2t )− 8πκp2tWpF1(|pt|, |qt|)D˜(p2t )}, (38)
D˜(p2t ) =
1
2m2DWp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[8πκF1(|pt|, |qt|) + 16πβWp
3(Q21 − µ2)
(F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))]A˜(q2t )− 8πκF1(|pt|, |qt|)A˜(p2t )}
+
1
2m2DWp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[−8πκF3(|pt|, |qt|)Wp
p2t
+
16πβ
3(Q21 − µ2)
(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1))2p
2
t + 3m
2
D
2p4t
+
16πβ
3(Q21 − µ2)
(F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))q
2
tm
2
D
2p2t
]C˜(q2t )
+8πκWpF1(|pt|, |qt|)C˜(p2t )}
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− 1
2m2DWp(E0 +mD −Wp)
∫
q2t dqt
4π2
{[8πκF5(|pt|, |qt|)2p
2
t + 3m
2
D
2p4t
−8πκF1(|pt|, |qt|)q
2
tm
2
D
2p2t
− 16πβ
3(Q21 − µ2)
(F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1))Wp(p
2
t + 3m
2
D)
p4t
− 16πβ
3(Q21 − µ2)
(F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1))Wpm
2
Dq
2
t
p2t
]D˜(q2t )
−8πκ(p2t +m2D)F1(|pt|, |qt|)D˜(p2t )}, (39)
where |pt| =
√
p2t . The functions Fi(i = 1, ..., 5), appearing in Eqs.(37), (38) and
(39), are defined in Appendix A. From these three coupled integral equations we
can solve numerically for A˜(p2t ), C˜(p
2
t ) and D˜(p
2
t ). This will be done in Section V.
In the next section, we will first discuss the normalization of the B-S wave function.
IV. Normalization for the B-S wave function
It can be seen that the overall normalization of A˜(p2t ), C˜(p
2
t ) and D˜(p
2
t ) cannot
be determined from Eqs.(37), (38) and (39). With the help of heavy quark symme-
try, the normalization constant can be obtained from the fact that the Isgur-Wise
function is normalized to one at the zero-recoil point. In the limit mQ → ∞ the
weak transition matrix element induced by the current c¯Γb for ω
(∗)
b → ω(∗)c has the
following form from the HQET,
〈ω(∗)c (v′)|c¯Γb|ω(∗)b (v)〉 = B¯νm′(v′)ΓBµm(v)(ξ(ω)gµν + ζ(ω)vνv′µ), (40)
where ω = v · v′ is the velocity transfer, m,m′ could be 1 or 2, and Γ is an arbitrary
Dirac matrix. At the zero-recoil point, v = v′, only the ξ(ω)gµν term contributes
and we must have
ξ(ω = 1) = 1. (41)
On the other hand, the transition matrix element for ω
(∗)
b → ω(∗)c is related to
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the B-S wave functions of ω
(∗)
b and ω
(∗)
c by the following equation
〈ω(∗)c (v′)|c¯Γb|ω(∗)b (v)〉 =
∫
d4p
(2π)4
χ¯µP ′m′(p
′)ΓχνPm(p)S
−1
Dµν(p2), (42)
where P (P ′) is the momentum of ω
(∗)
b (ω
(∗)
c ) and χ¯
µ
P ′m′(p
′) is the wave function of
the final state ω(∗)c (v
′), which satisfies the constraint
χ¯µP ′m′(p
′)/v′ = χ¯µP ′m′(p
′). (43)
At the zero-recoil point, p′ = p, since the light diquark sees no change in the heavy
quark part it does not change its relative momentum.
The scalar B-S functions of the final state B-S wave function obey the same B-S
equation as (29), (30) and (31). Substituting Eq.(7) into Eq.(42) and using Eq.(40)
we have
ξ(1)B¯m′µ(v)ΓB
µ
m(v) =
∫
d4p
(2π)4
i
pl + E0 +mD + iǫ
χ¯µPm′(p)Γ
∫
d4q
(2π)4
Gµν(P, p, q)χ
ν
Pm(p).
(44)
Now we substitute the expression for the kernel Eq.(18) and Eq.(17) into Eq.(44).
Using the same technique as used for Eqs.(24), (25) and (26), we find that there is
only the structure B¯µm′(v)ΓBmµ(v) on the right hand side of Eq.(44). Substituting
the explicit expressions for V˜1 and V˜2 in Eq.(36), and using the integration formula
in Appendix A, we arrive at the following expression for ξ(1) after some tedious
calculations
ξ(1) =
∫
p2tdpt
4π2
2
E0 +mD −Wp
[
A˜(p2t )h1(|pt|)−
1
3
p2t C˜(p
2
t )h2(|pt|)
−1
3
p2t D˜(p
2
t )h3(|pt|) +
1
6m2D
p2th2(|pt|)h4(|pt|)
]
, (45)
where hi(|pt|)(i = 1, 2, 3, 4) are given by the following equations
h1(|pt|) =
∫ q2t dqt
4π2
{8πκF1(|pt|, |qt|)[A˜(q2t )−
1
3
q2t D˜(q
2
t )] +
16πβ
3(Q21 − µ2)
[F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1)][2WpA˜(q2t )−
1
3
q2t C˜(q
2
t )
−2
3
Wpq
2
t D˜(q
2
t )]− 8πκF1(|pt|, |qt|)[A˜(p2t )−
1
3
p2t D˜(p
2
t )]}, (46)
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h2(|pt|) =
∫
q2t dqt
4π2
{ 16πβ
3(Q21 − µ2)
[F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1)]A˜(q2t )
+8πκF3(|pt|, |qt|) 1
p2t
C˜(q2t ) +
16πβ
3(Q21 − µ2)
[F4(|pt|, |qt|, µ)
−F4(|pt|, |qt|, Q1)] 1
p2t
D˜(q2t )− 8πκF1(|pt|, |qt|)C˜(p2t )}, (47)
h3(|pt|) =
∫
q2t dqt
4π2
{8πκF1(|pt|, |qt|)A˜(q2t ) +
32πβWp
3(Q21 − µ2)
[F2(|pt|, |qt|, µ)
−F2(|pt|, |qt|, Q1)]A˜(q2t )− 8πκF5(|pt|, |qt|)
1
p2t
D˜(q2t ) +
16πβ
3(Q21 − µ2)
[F4(|pt|, |qt|, µ)− F4(|pt|, |qt|, Q1)] 1
p2t
[C˜(q2t ) + 2WpD˜(q
2
t )]
−8πκF1(|pt|, |qt|)[−A˜(p2t ) + p2t D˜(p2t )]}, (48)
h4(|pt|) =
∫
q2t dqt
4π2
{ −16πβ
3(Q21 − µ2)
[F2(|pt|, |qt|, µ)− F2(|pt|, |qt|, Q1)]A˜(q2t )
+8πκF3(|pt|, |qt|) 1
p2t
C˜(q2t )−
16πβ
3(Q21 − µ2)
[F4(|pt|, |qt|, µ)
−F4(|pt|, |qt|, Q1)] 1
p2t
D˜(q2t )− 8πκF1(|pt|, |qt|)C˜(p2t )}. (49)
The B-S scalar functions A˜(p2t ), C˜(p
2
t ) and D˜(p
2
t ) should be normalized such that
they satisfy Eq.(45).
V. Numerical solutions for the B-S wave function
In this section we solve the three coupled integral equations, Eqs.(37), (38) and
(39), numerically. The method is to discretize the integration region into n pieces
(with n sufficiently large). In this way, the integral equations become matrix equa-
tions and the B-S scalar functions A˜(p2t ), C˜(p
2
t ) and D˜(p
2
t ) become n dimensional
vectors. The matrix equations obtained in this way can be written in the following
form,
A˜ = Z1A˜+ Z2C˜ + Z3D˜, (50)
R1A˜ +R2C˜ +R3D˜ = 0, (51)
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T1A˜+ T2C˜ + T3D˜ = 0, (52)
where Zi, Ri, Ti(i = 1, 2, 3) are n× n matrices and are given by Eqs. (37), (38) and
(39).
Substituting Eqs.(51) and (52) into (50) we obtain the eigenvalue equation for A˜
HA˜ = A˜, (53)
where H is an n× n matrix
H = Z1+Z2(T
−1
3 T2−R−13 R2)−1(R−13 R1−T−13 T1)+Z3(T−12 T3−R−12 R3)−1(R−12 R1−T−12 T1).
(54)
The eigenvalue equation (53) is solved by the so-called inverse iteration method[18].
In this way, we first construct the operator
K =
1
H − λ, (55)
where λ is some parameter which is chosen to be near to the eigenvalue 1 in Eq.(53).
In order to solve for the eigenvector A˜, we start with an arbitrary vector Y and
operate K on Y sufficiently many times so that the eigenvector corresponding to
the eigenvalue 1 dominates. In this way, the scalar function A˜ is obtained.
In our model we have several parameters, α(eff)s , κ, Q
2
1, mD and E0. The param-
eter Q21 has been described in Section III, with Q
2
1 = 3.2GeV
2 from the data of the
electromagnetic form factor of the proton. It is noted that this value corresponds
to the (qq′) axial vector diquark (q, q′ = u or d), i.e., for Σ
(∗)
Q . In the cases of Ξ
(∗)
Q
or Ω
(∗)
Q this value might be somewhat different because of SU(3) flavor symmetry
breaking. However, we do not have data to extract Q21 for Ξ
(∗)
Q and Ω
(∗)
Q at present.
In this work, we simply use the same value for Q21 based on the approximate SU(3)
flavor symmetry. On the other hand, the binding energy should satisfy the following
relation
m
ω
(∗)
Q
= mQ +mD + E0, (56)
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where we have omitted corrections of O(1/mQ), since we are working in the heavy
quark limit. Note that mD + E0 is independent of the flavor of the heavy quark,
because of the SU(2)f × SU(2)s symmetry. From the B-S equation solutions in the
meson case, it has been found that the values mb = 5.02GeV and mc = 1.58GeV
give predictions which are in good agreement with experiments [15]. Hence in the
baryon case we expect
mD + E0 = 0.88GeV (for Σ
(∗)
Q ), 1.07GeV (for Ξ
(∗)
Q ), 1.12GeV (for Ω
(∗)
Q ). (57)
The parameter mD cannot be determined, although there are suggestions from
the analysis of valence structure functions that it should be around 0.9GeV for non-
strange diquarks [19]. Hence we let it vary within some reasonable range. When
we solve the eigenvalue equation Eq.(53), the condition that the eigenvalue is 1
provides a relation between αseff and κ. As discussed in Ref.[9] κ is related to κ
′ (κ′
is the confinement parameter in the heavy meson case and is about 0.2GeV2[14, 15]),
where κ ∼ ΛQCDκ′. Therefore, in our numerical calculations we let κ vary in the
region between 0.02GeV3 and 0.1GeV3. The diquark mass, mD, is chosen to vary
from 0.9GeV to 1GeV for Σ
(∗)
Q , from 1.1GeV to 1.2GeV for Ξ
(∗)
Q , and from 1.15GeV
to 1.25GeV for Ω
(∗)
Q . Then we obtain the parameter α
(eff)
s for different values of mD
and κ. The numerical results are shown in Tables 1,2 and 3 for Σ
(∗)
Q , Ξ
(∗)
Q and Ω
(∗)
Q ,
respectively.
With the parameters in Tables 1,2 and 3 we obtain the numerical solution for
the B-S scalar function A˜ as the eigenvector of Eq.(53). Consequently, we get the
numerical solutions for C˜ and D˜ from Eqs.(51) and (52). These solutions depend on
the parameters mD and κ. In Figs. 2, 3 and 4 we show the shapes of A˜, C˜ and D˜
for Σ
(∗)
Q , Ξ
(∗)
Q and Ω
(∗)
Q respectively. Figs. 2(a), 3(a) and 4(a) show the dependence
on κ for a typical mD, while Figs. 2(b), 3(b) and 4(b) show the dependence on mD
for a typical κ. It can be seen from these figures that for different heavy baryons the
shape of the B-S scalar functions are rather similar. This arises from the approximate
18
Table 1: Values of κ and α(eff)s for Σ
(∗)
Q with three sets of mD
mD(GeV) 0.90
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.5190 0.5593 0.5842 0.6061 0.6149
mD(GeV) 0.95
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.5889 0.6123 0.6285 0.6406 0.6502
mD(GeV) 1.0
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.6414 0.6560 0.6669 0.6757 0.6828
Table 2: Values of κ and α(eff)s for Ξ
(∗)
Q with three sets of mD
mD(GeV) 1.10
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.5047 0.5402 0.5643 0.5826 0.5974
mD(GeV) 1.15
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.5785 0.5995 0.6155 0.6283 0.6391
mD(GeV) 1.20
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.6341 0.6478 0.6588 0.6682 0.6763
Table 3: Values of κ and α(eff)s for Ω
(∗)
Q with three sets of mD
mD(GeV) 1.15
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.4975 0.5325 0.5565 0.5748 0.5897
mD(GeV) 1.20
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.5729 0.5935 0.6093 0.6222 0.6331
mD(GeV) 1.25
κ(GeV3) 0.02 0.04 0.06 0.08 0.10
α(eff)s 0.6296 0.6430 0.6539 0.6633 0.6714
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SU(3) flavor symmetry and is to be expected. All the scalar functions decrease to
zero when |pt| is larger than about 1.5GeV, because of the confinement interaction.
Furthermore, since we are discussing the ground states ω
(∗)
Q , there are no nodes in
the functions.
VI. Application to the nonleptonic decays Ωb → Ω(∗)c P (V )
In this section we will apply the numerical solutions of the B-S equation to the
nonleptonic decays Ωb → Ω(∗)c and a pseudoscalar or vector meson. In fact, Σ(∗)b
and Ξ
(∗)
b decay strongly and their weak decays are hard to observe. However, Ωb
decays only weakly. We will first calculate the Isgur-Wise functions ξ(ω) and ζ(ω)
for Ω
(∗)
b → Ω(∗)c in Eq.(40) and then apply them to the nonleptonic weak decays of
Ωb.
A. Isgur-Wise functions for Ω
(∗)
b → Ω(∗)c
The Isgur-Wise functions ξ(ω) and ζ(ω) are related to the overlap integrals of
the B-S wave functions of the initial (Ωb) and final (Ω
(∗)
c ) states. The concrete
expression for them can be obtained by comparing the structure B¯µm′(v
′)ΓBmµ(v)
and v · B¯m′(v′)Γv′ · Bm(v) on both sides of Eq.(40). Similarly to Eq.(44), we have
the following equation after substituting Eq.(7) into Eq.(42) and using Eq.(40)
B¯νm′(v
′)ΓBµm(v)(ξ(ω)gµν + ζ(ω)vνv
′
µ) =
∫
d4p
(2π)4
i
pl + E0 +mD + iǫ
χ¯µPm′(p
′)Γ
∫
d4q
(2π)4
Gµν(P, p, q)χ
ν
Pm(p). (58)
Substituting Eq.(17) and Eq.(18) into Eq.(58) and using Eqs.(24), (25) and (26),
we find that on the right hand side of Eq.(58) there are the following structures:
p′t · B¯m′(v′)Γv′ ·Bm(v), v · B¯m′(v′)Γpt ·Bm(v), p′t · B¯m′(v′)Γpt ·Bm(v), pt · B¯m′(v′)Γpt ·
Bm(v), and p
′
t · B¯m′(v′)Γp′t ·Bm(v). However, all of them can be expressed in terms
of B¯µm′(v
′)ΓBmµ(v) and v · B¯m′(v′)Γv′ · Bm(v), after the integration over p, on the
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grounds of Lorentz invariance. Take p′t · B¯m′(v′)Γpt · Bmµ(v) as an example. In
general, the integral
∫ d4q
(2pi)4
p′µt p
ν
t f , where f is some Lorentz scalar function, can be
expressed in terms of gµν , vµvν , v′µv′ν , v′µvν and vµv′ν . However, only the gµν
and vµv′ν terms contribute when contracted with B¯m′µ(v
′)ΓBmν(v), leading to the
structures B¯µm′(v
′)ΓBmµ(v) and v · B¯m′(v′)Γv′ ·Bm(v), respectively. The coefficients
of these two terms can be obtained directly. In this way, we have the following
replacement rule:
p′t · B¯m′(v′) Γ v′ · Bm(v)→
1
1− ω2v · p
′
tv · B¯m′(v′)Γv′ · Bm(v),
v · B¯m′(v′) Γ pt · Bm(v)→ 1
1− ω2v
′ · ptv · B¯m′(v′)Γv′ ·Bm(v),
p′t · B¯m′(v′) Γ pt · Bm(v)→
[
1
2
pt · p′t −
ω
2(ω2 − 1)v · p
′
tv
′ · pt
]
B¯µm′(v
′)ΓBmµ(v)
+
[
− ω
2(ω2 − 1)pt · p
′
t +
ω2 + 2
2(ω2 − 1)2v · p
′
tv
′ · pt
]
v · B¯m′(v′)Γv′ · Bm(v),
pt · B¯m′(v′) Γ pt · Bm(v)→
[
−1
2
p2t +
1
2(ω2 − 1)(v
′ · pt)2
]
B¯µm′(v
′)ΓBmµ(v)
+
[
ω
2(ω2 − 1)p
2
t −
3ω
2(ω2 − 1)2 (v
′ · pt)2
]
v · B¯m′(v′)Γv′ · Bm(v),
p′t · B¯m′(v′) Γ p′t · Bm(v)→
[
−1
2
p′2t +
1
2(ω2 − 1)(v · p
′
t)
2
]
B¯µm′(v
′)ΓBmµ(v)
+
[
ω
2(ω2 − 1)p
′2
t −
3ω
2(ω2 − 1)2 (v · p
′
t)
2
]
v · B¯m′(v′)Γv′ ·Bm(v). (59)
Since in the weak transition the diquark acts as a spectator its momentum in
the initial and final baryons should be the same, p2 = p
′
2. Then we can show that
p′ = p +mD(v
′ − v), (60)
where we have omitted the O(1/mQ) corrections. From Eq. (60) we have the
following relations straightforwardly
p′l = plω − pt
√
ω2 − 1cosθ,
p
′2
t = p
2
t + p
2
t (ω
2 − 1)cos2θ + p2l (ω2 − 1)− 2plptω
√
ω2 − 1cosθ,
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v′ · pt = −pt
√
ω2 − 1cosθ,
v · p′t = (1− ω2)pl + ωpt
√
ω2 − 1cosθ,
pt · p′t = −p2t − p2t (ω2 − 1)cos2θ + ω
√
ω2 − 1plptcosθ, (61)
where θ is the angle between pt and v
′
t.
With the aid of the relations between A(p), C(p), D(p) and A˜(p2t ), C˜(p
2
t ), D˜(p
2
t )
[Eqs.(32)-(34)] and using Eqs.(59), (61) and the integration formulae in Appendix A
we have the explicit expressions for ξ(ω) and ζ(ω) after integrating the pl component
by selecting the proper contour,
ξ(ω) =
∫
p2tdpt
4π2
∫ pi
0
sinθdθ
−1
2Wp(E0 +mD −Wp)(E0 +mD − ωWp − pt
√
ω2 − 1cosθ)
{−2Wp(E0 +mD −Wp)FA(p2t , cosθ)A˜(p2t )−
3
4
(1− cos2θ)[h1(|pt|)− h3(|pt|)]
FA(p
2
t , cosθ)−
1
2
ωp2t (1− cos2θ)FC(p2t , cosθ)h2(|pt|) +
3
4
pt
√
ω2 − 1(1− cos2θ)
cosθ[h1(|pt|)− h3(|pt|)]FC(p2t , cosθ) +Wp(1− cos2θ)(E0 +mD −Wp)p2t A˜(p2t )
FD(p
2
t , cosθ)−
1
2
p2t (1− cos2θ)[(ω2 − 1)Wp + ωpt
√
ω2 − 1cosθ]h2(|pt|)
FD(p
2
t , cosθ) +
3
4
(1− cos2θ)[p2t + p2t (ω2 − 1)cos2θ + ω
√
ω2 − 1Wppt]
FD(p
2
t , cosθ)[h1(|pt|)− h3(|pt|)]}, (62)
and
ζ(ω) =
∫
p2tdpt
4π2
∫ pi
0
sinθdθ
−1
2Wp(E0 +mD −Wp)(E0 +mD − ωWp − pt
√
ω2 − 1cosθ){
1√
ω2 − 1ptcosθFA(p
2
t , cosθ)h2(|pt|) +
3ω
4(ω2 − 1)(1− 3cos
2θ)
[h1(|pt|)− h3(|pt|)]FA(p2t , cosθ) +
[
Wp +
ω√
ω2 − 1ptcosθ
]
FC(p
2
t , cosθ)
2Wp(E0 +mD −Wp)A˜(p2t ) +
ω
2(ω2 − 1)[ωp
2
t − 3ωcos2θp2t
−2Wppt
√
ω2 − 1cosθ]FC(p2t , cosθ)h2(|pt|)−
3
4
√
ω2 − 1[ωpt − 3ωcos
2θpt
−2Wp
√
ω2 − 1cosθ]cosθ[h1(|pt|)− h3(|pt|)]FC(p2t , cosθ) +
[
−ωW 2p
− 2ω
2
√
ω2 − 1Wpptcosθ −
ω(2ω2 + 1)
2(ω2 − 1) p
2
t cos
2θ +
ω
2(ω2 − 1)p
2
t
]
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[−2Wp(E0 +mD −Wp)]FD(p2t , cosθ)A˜(p2t ) +
1
2
√
ω2 − 1[ωp
2
t − 3ωcos2θp2t
−2Wppt
√
ω2 − 1cosθ](
√
ω2 − 1Wp + ωptcosθ)FD(p2t , cosθ)h2(|pt|)
− 3
4(ω2 − 1)[ωpt − 3ωcos
2θpt − 2Wp
√
ω2 − 1cosθ][pt + pt(ω2 − 1)cos2θ
+ω
√
ω2 − 1Wpcosθ]FD(p2t , cosθ)[h1(|pt|)− h3(|pt|)]
}
, (63)
where hi(|pt|)(i = 1, 2, 3, 4) are given in Eqs.(46)-(49) and FA(p2t , cosθ), FC(p2t , cosθ)
and FD(p
2
t , cosθ) have the following expressions
FA(p
2
t , cosθ) =
∫ q2t dqt
4π2
{
8πκF1(|p′t|, |qt|)[A˜(q2t )−
1
2
q2t D˜(q
2
t )− A˜(p′2t )] +
16πβ
3(Q21 − µ2)
[F2(|p′t|, |qt|, µ)− F2(|p′t|, |qt|, Q1)][2(ωWp + pt
√
ω2 − 1cosθ)
(A˜(q2t )−
1
2
q2t D˜(q
2
t ))−
1
2
q2t C˜(q
2
t )] +
1
2p′2t
16πβ
3(Q21 − µ2)
[−F4(|p′t|, |qt|, µ)
+F4(|p′t|, |qt|, Q1)][C˜(q2t ) + 2(ωWp + pt
√
ω2 − 1cosθ)D˜(q2t )]
+
1
2p′2t
8πκF5(|p′t|, |qt|)D˜(q2t )
}
, (64)
FC(p
2
t , cosθ) =
1
m2D
∫
q2t dqt
4π2
{
8πκF1(|p′t|, |qt|)[(ωWp + pt
√
ω2 − 1cosθ)(A˜(q2t )− A˜(p′2t )
+p′2t D˜(p
′2
t )) + ((ωWp + pt
√
ω2 − 1cosθ)2 −m2D)C˜(p′2t )] +
16πβ
3(Q21 − µ2)
[F2(|p′t|, |qt|, µ)− F2(|p′t|, |qt|, Q1)][(ωWp + pt
√
ω2 − 1cosθ)2 +m2D]
A˜(q2t )−
1
p′2t
8πκF3(|p′t|, |qt|)[(ωWp + pt
√
ω2 − 1cosθ)2 −m2D]C˜(q2t )
− 1
p′2t
16πβ
3(Q21 − µ2)
[−F4(|p′t|, |qt|, µ) + F4(|p′t|, |qt|, Q1)][(ωWp
+pt
√
ω2 − 1cosθ)C˜(q2t ) + ((ωWp + pt
√
ω2 − 1cosθ)2 +m2D)D˜(q2t )]
− 1
p′2t
8πκF5(|p′t|, |qt|)(ωWp + pt
√
ω2 − 1cosθ)D˜(q2t )
}
, (65)
FD(p
2
t , cosθ) = −
1
m2D
∫ q2t dqt
4π2
{
8πκF1(|p′t|, |qt|)
[
A˜(q2t ) +
m2D
2p′2t
q2t D˜(q
2
t )− A˜(p′2t )
+(ωWp + pt
√
ω2 − 1cosθ)C˜(p′2t ) + (p′2t +m2D)D˜(p′2t )
]
+
16πβ
3(Q21 − µ2)
[F2(|p′t|, |qt|, µ)− F2(|p′t|, |qt|, Q1)]
[
(ωWp + pt
√
ω2 − 1cosθ)
(
A˜(q2t )
+
m2D
p′2t
q2t D˜(q
2
t )
)
+
m2D
2p′2t
q2t C˜(q
2
t )
]
− 1
p′2t
8πκF3(|p′t|, |qt|)(ωWp
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+pt
√
ω2 − 1cosθ)C˜(q2t )−
1
p′2t
16πβ
3(Q21 − µ2)
[−F4(|p′t|, |qt|, µ)
+F4(|p′t|, |qt|, Q1)]
[
3m2D + 2p
′2
t
2p′2t
(C˜(q2t ) + 2(ωWp + pt
√
ω2 − 1cosθ)
D˜(q2t ))− (ωWp + pt
√
ω2 − 1cosθ)D˜(q2t )
]
− 3m
2
D + 2p
′2
t
2p′2t
8πκF5(|p′t|, |qt|)[D˜(q2t )
}
. (66)
In Section V we obtained the numerical results for A˜(p2t ), C˜(p
2
t ), and D˜(p
2
t ).
Substituting these results into Eqs.(62) and (63) we have the numerical solutions
for ξ(ω) and ζ(ω) depending on the parameters in our model. For Ω
(∗)
b → Ω(∗)c ,
we show the Isgur-Wise functions with typical value mD = 1.20GeV in Fig.5(a)
(κ = 0.02GeV3) and Fig.5(b) (κ = 0.10GeV3) respectively. The dependence of the
Isgur-Wise functions on mD are shown in Fig.5(c) (mD = 1.15GeV) and Fig.5(d)
(mD = 1.25GeV) for κ = 0.06GeV
3. It can be seen from these plots that ξ(ω) and
ζ(ω) have opposite signs and ξ(ω) changes more rapidly than ζ(ω) as ω increases.
It is interesting to study the relation between ξ(ω) and ζ(ω). Based on the
picture that in the large Nc limit heavy baryons are viewed as the bound states of
chiral solitons and heavy mesons[20], Chow has shown that ξ(ω) and ζ(ω) obey the
following relation[21]
ξ(ω) = −(1 + ω)ζ(ω). (67)
The deviation from this relation is caused by 1/Nc corrections. From Figs.5(a)-(d)
we can see that, in the range of the parameters in our model, Eq.(67) is generally
satisfied. For some sets of parameters this relation holds well.
B. Nonleptonic decays Ωb → Ω(∗)c P (V )
In this section we will discuss the Cabbibo-allowed two body nonleptonic decays
of Ωb → Ω(∗)c P (V ) (P and V stand for pseudoscalar and vector mesons respec-
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tively). The Hamiltonian describing such decays reads
Heff =
GF√
2
VcbV
∗
UD(a1O1 + a2O2), (68)
with O1 = (D¯U)(c¯b) and O2 = (c¯U)(D¯b), where U and D are the fields for light
quarks involved in the decay, and (q¯1q2) = q¯1γµ(1 − γ5)q2 is understood. The pa-
rameters a1 and a2 are treated as free parameters since they involve hadronization
effects. Since Ωb decays are energetic, the factorization assumption is applied so
that one of the currents in the Hamiltonian (68) is factorized out and generates a
meson[22, 23]. Thus the decay amplitude of the two body nonleptonic decay be-
comes the product of two matrix elements, one is related to the decay constant of
the factorized meson (P or V ) and the other is the weak transition matrix element
between Ωb and Ω
(∗)
c ,
Mfac(Ωb → Ω(∗)c P (V )) =
GF√
2
VcbV
∗
UDa1〈P (V )|Aµ(Vµ)|0〉〈Ω(∗)c (v′)|Jµ|Ωb(v)〉. (69)
Here Jµ is the weak current (c¯b) and 〈0|Aµ(Vµ)|P (V )〉 are related to the decay
constants of the pseudoscalar or vector mesons by
〈0|Aµ|P 〉 = ifP qµ,
〈0|Vµ|V 〉 = fVmV ǫµ, (70)
where qµ is the momentum of the emitted meson (from the W-boson), ǫµ is the po-
larization vector of the vector meson, and the normalization for the decay constants
is chosen so that fpi = 132MeV. It is noted that in the two body nonleptonic weak
decays Ωb → Ω(∗)c P (V ) there is no contribution from the a2 term, since such a term
corresponds to the transition of Ωb to a light baryon instead of Ω
(∗)
c . On the other
hand, the general form for the amplitudes of Ωb → Ω(∗)c P (V ) are
M(Ωb → ΩcP ) = iu¯f(v′)(A+Bγ5)ui(v),
M(Ωb → ΩcV ) = u¯f(v′)ǫ∗µ[A1γµγ5 + A2pfµγ5 +B1γµ +B2pfµ]ui(v),
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M(Ωb → Ω∗cP ) = iqµu¯µf (v′)(C +Dγ5)ui(v),
M(Ωb → Ω∗cV ) = u¯νf(v′)ǫ∗µ[gνµ(C1 +D1γ5) + piνγµ(C2 +D2γ5)
+piνpfµ(C3 +D3γ5)]ui(v), (71)
where ui is the dirac spinor of Ωb, u
(µ)
f is the dirac (Rarita-Schwinger) spinor of Ω
(∗)
c ,
and pi(f) is the momentum of Ωb (Ω
(∗)
c ).
From Eqs.(69)-(71) and using Eq.(40) we find
A =
GF√
2
VcbV
∗
UDa1fP
1
3
(mi −mf)[(ω + 2)ξ(ω) + (ω2 − 1)ζ(ω)],
B =
GF√
2
VcbV
∗
UDa1fP
1
3
(mi +mf )[(3ω − 2)ξ(ω) + 3(ω2 − 1)ζ(ω)],
A1 = B1 =
GF√
2
VcbV
∗
UDa1fVmV
1
3
[ωξ(ω) + (ω2 − 1)ζ(ω)],
A2 =
GF√
2
VcbV
∗
UDa1fVmV
2
3
(
1
mi
− 1
mf
)
[ξ(ω) + (ω + 1)ζ(ω)],
B2 = −GF√
2
VcbV
∗
UDa1fVmV
2
3
(
1
mi
+
1
mf
)
[ξ(ω) + (ω − 1)ζ(ω)],
C = −GF√
2
VcbV
∗
UDa1fP
1√
3
(
1 +
mf
mi
)
[ξ(ω) + (ω − 1)ζ(ω)],
D = −GF√
2
VcbV
∗
UDa1fP
1√
3
[(
1− mf
mi
)
ξ(ω) +
(
ω − 1− (ω + 3)mf
mi
)
ζ(ω)
]
,
C1 = D1 =
GF√
2
VcbV
∗
UDa1fVmV
2√
3
ξ(ω),
C2 = −GF√
2
VcbV
∗
UDa1fVmV
1√
3
1
mi
[ξ(ω) + (ω + 1)ζ(ω)],
D2 =
GF√
2
VcbV
∗
UDa1fVmV
1√
3
1
mi
[ξ(ω) + (ω − 1)ζ(ω)],
C3 = D3 =
GF√
2
VcbV
∗
UDa1fVmV
2√
3
1
mimf
ζ(ω), (72)
where mi (mf ) is the mass of Ωb (Ω
(∗)
c ).
With Eqs.(71) and (72) we can calculate the decay widths and polarization pa-
rameters for Ωb → Ω(∗)c P (V ). The kinematic formulae which have been derived
using both partial wave and helicity methods can be found in references[24, 25].
These two methods are equivalent. For instance, in the helicity method[25], the
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decay width is expressed in terms of the helicity amplitudes,
Γ =
pc
16πm2i
∑
λi,λf
|hλf ,λP (V );λi|2, (73)
where pc is the c.m. momentum of the decay products and the helicity amplitudes
are defined as
hλf ,λP (V );λi = 〈Ω(∗)c (λf), P (V )(λP (V ))|Heff |Ωb(λi)〉 (λf − λP (V ) = λi). (74)
The “up-down” asymmetry is given by
α =
∑
λf (|hλf ,λP (V );1/2|2 − |hλf ,λP (V );−1/2|2)∑
λi,λf |hλf ,λP (V );λi |2
. (75)
The relations between the helicity amplitudes and the amplitudes given in Eq.(71),
which we will not list here, can be found in [25, 26]. Then from Eqs.(72)-(75), we
obtain the numerical results for the decay widths and asymmetry parameters. In
Table 4 we list the results for mD = 1.20GeV. The numbers without (with) brackets
correspond to κ = 0.02GeV3 (κ = 0.10GeV3). The results for κ = 0.06GeV3 in
the range mD = 1.15GeV (without brackets) and mD = 1.25GeV (with brackets)
are shown in Table 5. In the calculations we have taken mΩb = 6.14GeV and the
following decay constants
fpi = 132MeV, fDs = 241MeV [27], fρ = 216MeV, fDs = fD∗s .
It can be seen from Tables 4 and 5 that the predictions for the decay widths show
a strong dependence on the parameters κ and mD in our model. The experimental
data in the future will be used to fix these parameters and test our model. However,
the dependence of the up-down asymmetries on these parameters is slight.
The decay widths and asymmetry parameters have also been calculated in the
nonrelativistic quark model approach[26], where the form factors are calculated at
the zero-recoil point and then extrapolated to other ω values under the assumption
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Table 4: Predictions for decay widths and asymmetry parameters for Ωb →
Ω(∗)c P (V ) for mD = 1.20GeV.
Process Γ(1010s−1) α
Ω−b → Ω0cπ− 0.052a21 (0.154a21) −0.67 (−0.70)
Ω−b → Ω0cD−s 0.261a21 (0.592a21) −0.56 (−0.58)
Ω−b → Ω0cρ− 0.073a21 (0.207a21) −0.68 (−0.71)
Ω−b → Ω0cD∗−s 0.115a21 (0.245a21) −0.73 (−0.74)
Ω−b → Ω∗0c π− 0.046a21 (0.133a21) −0.61 (−0.58)
Ω−b → Ω∗0c D−s 0.165a21 (0.370a21) −0.54 (−0.52)
Ω−b → Ω∗0c ρ− 0.134a21 (0.354a21) 0.59 (0.59)
Ω−b → Ω∗0c D∗−s 0.462a21 (0.960a21) 0.31 (0.31)
Table 5: Predictions for decay widths and asymmetry parameters for Ωb →
Ω(∗)c P (V ) for κ = 0.06GeV
3.
Process Γ(1010s−1) α
Ω−b → Ω0cπ− 0.075a21 (0.145a21) −0.64 (−0.72)
Ω−b → Ω0cD−s 0.358a21 (0.562a21) −0.54 (−0.59)
Ω−b → Ω0cρ− 0.102a21 (0.150a21) −0.65 (−0.70)
Ω−b → Ω0cD∗−s 0.149a21 (0.232a21) −0.71 (−0.75)
Ω−b → Ω∗0c π− 0.067a21 (0.123a21) −0.64 (−0.56)
Ω−b → Ω∗0c D−s 0.227a21 (0.345a21) −0.56 (−0.50)
Ω−b → Ω∗0c ρ− 0.200a21 (0.314a21) 0.59 (0.59)
Ω−b → Ω∗0c D∗−s 0.616a21 (0.888a21) 0.31 (0.31)
of a dipole behaviour. By comparing the predictions in the B-S and quark models
we find that the decay widths in our model are smaller than those in the quark
model. For the asymmetry parameters, the difference is even larger. Except for the
processes Ω−b → Ω0∗c π− and Ω−b → Ω0∗c D−s in Tables 4 and 5, even the signs of α in
these two models are opposite.
VII. Summary and discussion
Since in the heavy quark limit the light degrees of freedom in a heavy baryon
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have good spin and isospin quantum numbers and since the internal structure is
blind to the flavor and spin direction of the heavy quark, we assume that a heavy
baryon, ω
(∗)
Q , is composed of a heavy quark and a light axial vector diquark. Based
on this picture, we establish the B-S equation for the heavy baryon ω
(∗)
Q . We discuss
the form of the B-S wave function and find that in the heavy quark limit there
are three B-S scalar functions to describe the dynamics inside a heavy baryon ω
(∗)
Q .
This is consistent with our physical picture. In order to solve the B-S equation,
we assume a kernel containing a scalar confinement term and a one-gluon-exchange
term, as in the ΛQ case. In the heavy quark limit, the heavy quark is almost
on mass-shell inside a heavy baryon and it is appropriate to apply the covariant
instantaneous approximation in the kernel. Then we derive explicitly three coupled
integral equations for the three B-S scalar functions A˜, C˜ and D˜. These equations
are solved numerically and we give the model predictions for these functions. The
results appear reasonable. It is shown that the shapes of these functions are similar
for Σ
(∗)
Q , Ξ
(∗)
Q and Ω
(∗)
Q , with differences arising from SU(3) flavor symmetry breaking
effects.
Although the B-S equation is formally the exact equation to describe the bound
state, there is much difficulty in applying it to the real physical state. The most
difficult point is that we must take a phenomenologically inspired form for the kernel.
Furthermore, we have used the quark and diquark propagators with their free form,
which leads to some uncertainties. In our approach, there are several parameters
such as κ, mD and α
(eff)
s , subject to the condition that the observed masses of ω
(∗)
Q
be reproduced. In our numerical solutions we let these parameters vary in some
reasonable range. Another parameter is Q21, which arises from the internal structure
of diquark. Its value for the (qq′) diquark (q, q′ = u or d) is extracted from the data
of the electromagnetic form factor of the proton. When there is a strange quark in
the diquark, we do not have a means to determine its exact value at present. In
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the future, the experimental data for ω
(∗)
Q should help to fix the parameters in our
model.
As phenomenological applications, this model has been used to calculate the the
Isgur-Wise functions ξ(ω) and ζ(ω) for Ω
(∗)
b → Ω(∗)c , and consequently, has provided
theoretical predictions for the Cabbibo-allowed two body nonleptonic decay rates
and up-down asymmetries for the physical processes Ωb → Ω(∗)c P (V ). It has been
shown that the relation between ξ(ω) and ζ(ω) in our model is generally consis-
tent with that in the soliton model in the large Nc limit. We have also compared
our model predictions with those in the nonrelativistic quark model. Our model
yields decay widths which are much smaller and for the asymmetry parameters the
difference is even bigger. All these predictions will be tested in future experiments.
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Appendix A. Integration formulae
In this appendix we give the formulae which are used to reduce the three di-
mensional integration to the one dimensional integration. In the following formulae
φ(q2t ) is some arbitrary function of q
2
t . The relevant results needed are:
I1 =
∫
d3qt
(2π)3
φ(q2t )
[(pt − qt)2 + µ2]2 =
∫
q2t dqt
4π2
φ(q2t )F1(|pt|, |qt|), (76)
with
F1(|pt|, |qt|) = 2
(p2t + q
2
t + µ2)2 − 4p2t q2t
. (77)
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I2 =
∫
d3qt
(2π)3
φ(q2t )
(pt − qt)2 + δ2 =
∫
q2t dqt
4π2
φ(q2t )F2(|pt|, |qt|, δ), (78)
with
F2(|pt|, |qt|, δ) = 1
2|pt||qt| ln
(|pt|+ |qt|)2 + δ2
(|pt| − |qt|)2 + δ2 . (79)
I3 =
∫
d3qt
(2π)3
pt · qtφ(q2t )
[(pt − qt)2 + µ2]2 =
∫
q2t dqt
4π2
φ(q2t )F3(|pt|, |qt|), (80)
with
F3(|pt|, |qt|) = 1
4|pt||qt|
[
ln
(|pt| − |qt|)2 + µ2
(|pt|+ |qt|)2 + µ2 +
4|pt||qt|(p2t + q2t + µ2)
(p2t + q
2
t + µ2)2 − 4p2t q2t
]
. (81)
I4 =
∫
d3qt
(2π)3
(pt · qt)2φ(q2t )
(pt − qt)2 + δ2 = −
∫
q2t dqt
4π2
φ(q2t )F4(|pt|, |qt|, δ), (82)
with
F4(|pt|, |qt|, δ) = p
2
t + q
2
t + δ
2
2
[
1 +
p2t + q
2
t + δ
2
4|pt||qt| ln
(|pt| − |qt|)2 + δ2
(|pt|+ |qt|)2 + δ2
]
. (83)
I5 =
∫ d3qt
(2π)3
(pt · qt)2φ(q2t )
[(pt − qt)2 + µ2]2 =
∫ q2t dqt
4π2
φ(q2t )F5(|pt|, |qt|), (84)
with
F5(|pt|, |qt|) = 1
2
[
1 +
p2t + q
2
t + µ
2
2|pt||qt| ln
(|pt| − |qt|)2 + µ2
(|pt|+ |qt|)2 + µ2 +
(p2t + q
2
t + µ
2)2
(p2t + q
2
t + µ2)2 − 4p2t q2t
]
.
(85)
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Figure Captions
Fig.1 The vertex of two axial vector diquarks and a gluon.
Fig.2 The B-S scalar wave functions for Σ
(∗)
Q . The units are: GeV
−2 for A˜(p2t ),
GeV−3 for C˜(p2t ) and GeV
−4 for D˜(p2t ). (a) For mD = 0.95GeV, we show the de-
pendence on |pt| for two values of κ. In the upper plane, the upper (lower) solid
line is for A˜(p2t ) (C˜(p
2
t )) with κ = 0.02GeV
3, the upper (lower) dotted line is for
A˜(p2t ) (C˜(p
2
t )) with κ = 0.10GeV
3. In the lower plane, the solid line is for D˜(p2t )
with κ = 0.02GeV3 and the dotted line is for D˜(p2t ) with κ = 0.10GeV
3. (b) For
κ = 0.06GeV3, we show the dependence on |pt| for two values of mD. In the upper
plane, the upper (lower) solid line is for A˜(p2t ) (C˜(p
2
t )) with mD = 0.90GeV, the
upper (lower) dotted line is for A˜(p2t ) (C˜(p
2
t )) with mD = 1.00GeV. In the lower
plane, the solid line is for D˜(p2t ) with mD = 0.90GeV and the dotted line is for
D˜(p2t ) with mD = 1.00GeV.
Fig.3 The B-S scalar wave functions for Ξ
(∗)
Q . The units are: GeV
−2 for A˜(p2t ),
GeV−3 for C˜(p2t ) and GeV
−4 for D˜(p2t ). (a) For mD = 1.15GeV, we show the de-
pendence on |pt| for two values of κ. In the upper plane, the upper (lower) solid
line is for A˜(p2t ) (C˜(p
2
t )) with κ = 0.02GeV
3, the upper (lower) dotted line is for
A˜(p2t ) (C˜(p
2
t )) with κ = 0.10GeV
3. In the lower plane, the solid line is for D˜(p2t )
with κ = 0.02GeV3 and the dotted line is for D˜(p2t ) with κ = 0.10GeV
3. (b) For
κ = 0.06GeV3, we show the dependence on |pt| for two values of mD. In the upper
plane, the upper (lower) solid line is for A˜(p2t ) (C˜(p
2
t )) with mD = 1.10GeV, the
upper (lower) dotted line is for A˜(p2t ) (C˜(p
2
t )) with mD = 1.20GeV. In the lower
plane, the solid line is for D˜(p2t ) with mD = 1.10GeV and the dotted line is for
D˜(p2t ) with mD = 1.20GeV.
Fig.4 The B-S scalar wave functions for Ω
(∗)
Q . The units are: GeV
−2 for A˜(p2t ),
GeV−3 for C˜(p2t ) and GeV
−4 for D˜(p2t ). (a) For mD = 1.20GeV, we show the
dependence on |pt| for two values of κ. In the upper plane, the upper (lower) solid
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line is for A˜(p2t ) (C˜(p
2
t )) with κ = 0.02GeV
3, the upper (lower) dotted line is for
A˜(p2t ) (C˜(p
2
t )) with κ = 0.10GeV
3. In the lower plane, the solid line is for D˜(p2t )
with κ = 0.02GeV3 and the dotted line is for D˜(p2t ) with κ = 0.10GeV
3. (b) For
κ = 0.06GeV3, we show the dependence on |pt| for two values of mD. In the upper
plane, the upper (lower) solid line is for A˜(p2t ) (C˜(p
2
t )) with mD = 1.15GeV, the
upper (lower) dotted line is for A˜(p2t ) (C˜(p
2
t )) with mD = 1.25GeV. In the lower
plane, the solid line is for D˜(p2t ) with mD = 1.15GeV and the dotted line is for
D˜(p2t ) with mD = 1.25GeV.
Fig.5(a)-(d) Numerical solutions for ξ(ω) and ζ(ω) for Ω
(∗)
b → Ω(∗)c . The upper
solid line is ξ(ω) and the lower solid line is ζ(ω). The dotted line is −ξ(ω)/(ω + 1).
The parameters are mD = 1.20GeV and κ = 0.02GeV
3 in (a), mD = 1.20GeV and
κ = 0.10GeV3 in (b), κ = 0.06GeV3 and mD = 1.15GeV in (c), κ = 0.06GeV
3 and
mD = 1.25GeV in (d).
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Fig.5(d)
